year Ϫ1 . As a consequence, even sapropels consisting entirely of organic carbon (ϳ0.9 gC cm Ϫ3 ) would be completely degraded within 10,000 years. Organic carbon compounds in sapropels have been preserved over much longer time intervals, although a high fraction of microbial cells in the sapropels are physiologically active and continue to use organic carbon originating from the sapropels. The above comparison thus indicates that prokaryotes in sapropels have significantly lower maintenance energy requirements than any of the pure cultures investigated to date.
Mediterranean sapropels harbor large populations of previously unknown members of the green nonsulfur bacteria and crenarchaeota. Our cumulative evidence suggests that these prokaryotes are physiologically active, are specifically adapted to the specific conditions as they prevail in sediments with large amounts of subfossil kerogen, and are capable of altering the organic matter in situ even 217,000 years after its deposition. 24 . J. C. M. Scholten, R. Conrad, Appl. Environ. Microbiol. 66, 2934 Microbiol. 66, (2000 Gene therapy trials have demonstrated the safety and feasibility of engineering hematopoietic stem cells (HSCs) for treating inherited hematopoietic diseases (1) (2) (3) (4) (5) (6) . In these studies, however, the frequency of multipotent genetically modified HSCs and the levels of long-term transgene expression were variable, with limited clinical effect. This variability could be influenced by vector design, gene transfer protocols, or inadequate engraftment and expansion of genetically corrected HSCs. Recent improvements in HSC gene transfer, combined with a strong selective advantage for growth and differentiation of lymphoid cells, allowed investigators to correct the immune defect in the SCID variant due to ␥-chain deficiency (SCID-X1) (7). In ADA-SCID the purine metabolic defect (8) leads primarily to impaired lymphocyte development and function but also to nonimmunological abnormalities, which indicates that this disease is more complex than other SCIDs (8) (9) (10) . The accumulation of toxic metabolites may offer a selective advantage to cells that produce sufficient vector-derived ADA. In previous gene therapy trials, this advantage might have been lost because of simultaneous treatment with bovine enzyme [polyethylene glycol-conjugated ADA (PEG-ADA)] replacement therapy. Recent experience with an ADA-SCID patient treated with transduced peripheral blood lymphocytes (PBL) (11, 12) shows that PEG-ADA discontinuation results in preferential expansion of T cells containing the ADA gene capable of sustaining immune functions, but it did not completely correct the metabolic defect (12) . These data suggest that, for long-term full clinical benefit, correcting the metabolic defect could be as important as correcting the immune defect.
We recently developed an improved gene transfer protocol into CD34 ϩ HSCs (13-15), which allows efficient transduction while preserving differentiation capacity into multiple lineages, including myeloid cells, B cells, natural killer (NK) cells, and T lymphocytes, as shown by in vitro and in vivo assays (15) . We applied this protocol to two ADA-SCID patients (Pt1 and Pt2), who lacked an HLA-identical sibling donor and for whom PEG-ADA was not available (13) . To provide an initial developmental advantage to transduced HSCs and create space in the bone marrow (BM), we treated the patients with a low-intensity, nonmyeloablative conditioning regimen (13) . This allowed us to fully exploit the selective advantage of genetically corrected cells and to evaluate the clinical efficacy of gene therapy.
Pt1 and Pt2 were enrolled in the gene therapy trial at 7 months and at 2 years and 6 months of age, respectively (13) . Autologous (Fig. 1, A and B). Pt1, whose pretreatment ANC was already low, experienced 12 days of ANC Ͻ 500 and then recovered to normal levels ( Fig.  1A) , whereas Pt2 experienced a single day of ANC Ͻ 500 (Fig. 1B) . In Pt1, who has a follow-up of 14 months, the number of PBL increased progressively from Ͻ100 per l to 2000 per l at day ϩ150, a level that was maintained throughout the remaining followup (Fig. 1C) . Within the lymphocyte subsets, the first increase occurred in B cells and NK cells, followed by T cells (day ϩ90) (Fig. 1E ) (13) . T cells developed normally into both CD3 ϩ /CD4 ϩ cells and CD3 ϩ /CD8 ϩ subsets (Fig. 1G) and expressed a normal pattern of activation markers. Restoration of thymic activity was demonstrated by the dramatic increase in CD4
ϩ /CD45RA ϩ naive T cells and T cell receptor excision circles (TREC) (16) in CD3 ϩ cells to the levels observed in agematched controls (Fig. 1G) (13) . Gene therapy led to normalization of proliferative responses to polyclonal stimuli [CD3 monoclonal antibody (anti-CD3 mAb), with or without anti-CD28 mAb, phytohemagglutinin (PHA), pokeweed mitogen, and concanavalin A] and, more importantly, to nominal antigens (candida, tetanus toxoid) ( Fig. 2A) (13, 17) . Proliferative responses and cytotoxic activity to alloantigens were normal. The T cell receptor variable region ␤ chain repertoire evaluated by polymerase chain reaction (PCR) heteroduplex analysis (18) showed a normal heterogeneous pattern. Serum immunoglobulin M (IgM), immunoglobulin A (IgA), and immunoglobulin G (IgG) increased to normal levels, which allowed us to discontinue intravenous immunoglobulin (IVIG) 6 months after gene therapy ( Fig. 2A) , and we detected isohemagglutinins for the first time (1: 8 to 1:16). After vaccination with tetanus toxoid, both T cell proliferative responses and specific antibody levels in the serum were comparable to those of agematched controls ( Fig. 2A) . A follow-up of 12 months is available for Pt2. In this patient, lymphocytes increased to 400 cells per l, with slower kinetics than Pt1 (Fig. 1D) . The increase occurred mostly in the T cell subset (Fig. 1F) , as indicated by a significant increase in TREC (Fig. 1H) . Gene therapy led to a substantial increase in proliferative responses to polyclonal stimuli (Fig. 2B) . T cell lines generated ex vivo 6 months after gene therapy proliferated normally in response to interleukin 2 and anti-CD3 mAb, with or without anti-CD28 mAb.
Several findings support the hypothesis that Pt2 is also reconstituting B cell functions: (i) normalization of serum IgM and IgA was achieved by the fourth month after gene therapy (Fig. 2B); (ii) the patient maintained IgG levels above 800 mg/dl in response to a delayed schedule of IVIG, which suggests endogenous IgG production; (iii) before gene therapy and despite IVIG, the patient was affected by recurrent respiratory infections, chronic diarrhea, and scabies. Twelve months after gene therapy, the patient showed no sign of respiratory infections and scabies and recovered normally from two transient episodes of diarrhea.
We next analyzed by quantitative realtime PCR (Q-PCR) (13) the proportion of vector-containing cells in purified subpopulations of PB and BM from both patients at different time points after gene therapy (Fig.  3) . Vector-containing cells were detected first in granulocytes as early as 3 weeks in Pt1 and at 2 weeks in Pt2. Both patients showed genetically corrected cells in multiple lineages, including granulocytic, erythroid, megakaryocytic, and lymphoid cells, which were detected at higher levels in Pt1. The frequency of vector-containing cells was higher in lymphoid subsets (Fig. 3, C, D, G, and H) than in the other lineages (Fig. 3, A, B , E, and F), which indicates a stronger selective advantage for differentiation of genetically corrected B, NK, and T cells. We also observed an initial increase in untransduced cells (in Pt1 from 10 CD3 ϩ cells per l before gene therapy to 220 cells per l at day 100, with 70% untransduced cells), which could be related to a beneficial effect of systemic detoxification mediated by ADAproducing transduced cells.
In Pt1, the frequency of vector-containing T cells increased progressively and reached 70% at 11 months of follow-up (Fig. 3C) . At the same time, virtually all NK cells present in PB and in BM were transduced (Fig. 3C) . Transduced B cells were first detected in the BM at day ϩ30 and 1 month later in PB (Fig.  3D) . Strikingly, the frequency of transduced B cells was higher in the PB than in the BM, which suggests a preferential differentiation of genetically corrected cells and/or a growth advantage for peripheral B cells. The observation that BM immature B cells (surface IgM ϩ ) contained a higher frequency of transduced cells (17%) than pre-B cells (8.5%) confirmed this hypothesis. In Pt2, genetically engineered CD3 ϩ T cells appeared later than in Pt1, but the frequency of these cells progressively increased up to 100% at day ϩ240 (Fig. 3G) . Persistent production of genetically corrected granulocytes, monocytes, megakaryocytes, and erythroid cells was observed, with levels ranging from 5 to 20% (Fig. 3, A and B) in Pt1, demonstrating the engraftment of multipotent HSCs. This conclusion was further supported by the consistent finding of neomycin (Neo)-resistant CFU-C (6.5% at day ϩ330), which was confirmed by PCR analysis of individual CFU-C and by Q-PCR of purified BM CD34 ϩ cells (11% at day ϩ330) (Fig. 3A) .
To prove that genetically corrected HSCs retained their repopulation and differentiation properties, we isolated CD34 ϩ cells from the BM of Pt1 at day ϩ330 after gene therapy and tested them for their lymphoid differentiation capacity. CD34 ϩ cells plated in vitro into a B/NK differentiation assay were able to generate B and NK cells that contained 4 and 9% of transduced cells, respectively (15) . BM CD34 ϩ cells were also transplanted into the BM/thymus of SCID-hu mice (19) and analyzed after 8 weeks. Donor cells (identified by HLA-specific mAb) engrafted in the BM/ thymus and differentiated into transduced mature B and T cells (frequency of transduced CD19 ϩ cells by Q-PCR, range 0.3 to 15.2%; CD3 ϩ cells, range 0.14 to 31.2%). These data formally demonstrate that engineered HSCs retained their ability to reconstitute human hematolymphopoiesis in vitro and in vivo in a secondary transplant 11 months after infusion.
Biochemical studies (13, 20) demonstrated that gene therapy completely restored intracellular ADA enzymatic activity in PBL (Fig. 4A) therapy. ADA activity in the plasma increased in both patients after gene therapy (Fig. 4B ). This increase was paralleled by a decline in RBC toxic adenine deoxyribonucleotide (dAXP) metabolites to levels equal to 10 and 40% of the initial value for Pt1 and Pt2, respectively-levels comparable to those found in patients successfully transplanted with allogeneic BM (21, 22) (Fig. 4C) . The amelioration of the metabolic pattern was followed by a normalization of lactate dehydrogenase (LDH) and liver enzymes usually elevated in ADA-SCID (8, 9) (Fig. 4 , D and E). During this follow-up, the two patients were in good clinical condition and did not experience any severe infectious episodes. Both patients are currently at home and clinically well, with normal growth and development. They live a normal life in their native countries and remain off enzyme replacement therapy. Several explanations may account for the different levels of engraftment of transduced cells and restoration of the immune functions in these two patients. First, Pt2 received one log (one order of magnitude) lower autologous transduced CD34 ϩ cells than Pt1. Second, Pt2 was enrolled at an older age, which can be a crucial factor for HSC engraftment, as shown in BMT transplantation in SCID (23) . An additional, and possibly more important, variable may be the degree of host BM ablation. Indeed, the pharmacologic biodistribution of busulfan might have differed in the two patients, because Pt1 received the drug intravenously and Pt2 received it orally. These results suggest that early intervention with optimal amounts of transduced HSCs and adequate conditioning are crucial factors in determining the speed and level of engraftment.
A similar gene transfer protocol was used to transduce BM CD34 ϩ cells of two SCID-X1 patients (7) without conditioning. In this study, gene therapy resulted in the development of T and NK corrected cells, allowing full reconstitution of T cell functions, whereas B lymphocytes and other hematopoietic cells remained mostly untransduced. The use of conditioning is most likely responsible for the improved results of our protocol, and this advantage may counteract the toxic effects and potential complications associated with low-dose busulfan.
Overall, our results prove the safety and efficacy of HSC gene therapy combined with nonmyeloablative conditioning in restoring lymphoid development and functions and in correcting the metabolic defect of ADA-SCID with complete reversal of the clinical phenotype, in the absence of enzyme replacement. These results represent a significant advance over the pioneering studies of gene therapy with PBL in ADA-SCID patients receiving PEG-ADA that showed efficient gene transfer into long-living T lymphocytes (1, 24 ) . 
